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SCOPE AND CONTENTS: 

'!'he isotopic composition of meteorite sulphur 

and sea water sulphatea was investigated by means of a 

simultaneous collection mass spectrometer . lt was 

found that sixteen samples ot eteor!t1o sulphur 

possess d 1dent1oal isotope abundanc a within the 

precision of the instrument . !J.'he sulpb.ates from 

various depths in the Atlantic, Pacifto and Arct1o 

Oce ns, were found to be enr1ohed in s3l+ compared to 

the l!leteor1t1o bas level. . 'l'he overall variat ion 1n 

s32;s34 content was· o .• )9 percent for the sea water 

samples. 
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I .'l'ftODUCTI ON 

Research c rrl.ed on in this laboratory has 

reve led widespread variations in the isotopic 

composition of terrestrial sul:J; hur. The average 

composition or such samples 1s extremelJ close to that 

or meteor! tic sulphur,, indicating th primo:ttdial 

abundance of these isotopes 1e th t or sulphur in 

meteorites . Oon$equ ntly , 1t 1 of the utmost 

1 portance to know as acour tely as osaible t he value 

of the 1sotop1o composition of aueh aul phur and the 

un1for mi t;r of the value . Sulphur from eighteen 

meteorites has been s tud1ed with this view 1n mind. 

It has been round that relative to ~ eteor1t1o 

sulphur, sul phides are deplted in s34 while sulphatea 

are .enriched 1n this isotope. Since a a onslde r c• ble part 

of t 'his fractionation has occurred t hrough oxida tion

reduction p:rooeasea wh1oh .go on 1n the sea , it 1s 

necessar7 1n the interpretation of sulphur 1soto.pe 

fractionation studies to know the isot ope ratio and 

its uniformity for present day sea water sulphate . 

As a. oonseque:noe. sea water samples have been obtained 

fro m various depths in the Atlantic , P o1f1o and 

Arot1o Ooeau and t he isotopic oompos1t1on of the 

- 1- · 
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sulphates measured. 

iUttot19DJ. 

The discovery or rad1oaot1v1ty in uranium by 

Beequerel ( l} in 1896 opened a new era ot intensive 

research into the nature of the atom. Later , Soddy 

( 2) and independently Fa3ans CH tound that isotopes 

e-xisted among ·the ~d1oact1ve elements and Soddy 

concluded that theY' might exist throughout the periodic 

table; J . J .• Thomson ( 4} , w1th his first orude mass 

apeotrogaph gave this idea visible proGf by snowing 

that neon oon&1sted of a least two 1sotope.s .of 

masses 20 and 22. 

Because of this d:1scovery, a number of 

investigators sought to find small va:r1at1ons 1n the 

measured atomic we1g.hte of e.lements <lue tc slight 

v.ar1at1on.e 1n the abundances of the isotopes . At 

first the aeareh was fruitless beeause of the lack 

of preo1s1on, the use of light elements whose heavier 

isotopes are rare and heavy .isotopes whot:H! 1sotop1c 

abundanoes are nearl1 constant. At las~ Briseoe (,5) , 

in 1925 reported. sli&ht variations 1n the atomic weight 

or boron 4epe:nd1n.g on the geological position of the 

deposit from whtob. t'-e sample was taken. Be e;xplained 

the d.1fferenoes ln terms ot variations in the ab\Jndanoes 

of the boron isotopes . 

• 
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The rare isotopes of the light elements that 

had escaped detection 1n early tnaes spectrograph studies 

were discovered by m ns of molecular speotr • In the 

molecular peotr of homopolar mol oules , there wa s an 

alteration of intensities of tlle band lines hich could 

only be explained by assuming the presence of a rare 

isotope as well as the preseno of the known one . By 

this method , four rare isotopes were d1soovered ln 1929 , 

o17 and ol8 by G1aque and Johnston (6) , clJ by King and 

Birge (7) and Nl.S by Nau.de (8) . 

Birge. an Menzel (9) were first to pred1ot that 

hydrogen should have a rare isotope Qt mass two. to th.e 

extent of about one rt 1n forty- five tihousand. It wa.a 

l eft to Urey and hls co- workers to aho that 1t existed 

and could be separated by the d1 t1lla.t1on of l1qu1d 

hydrogen. Later, ashburn and Smtt.h ( 10) found that the 

vapour pressure or H2o and ~o differed from each other 

and by eleotrol.yst.s and d1st1ll tt.on the 11!Jotopes oould 

be sep x-ated . The early experiments provided t he first 

proof t hat isotopes do not po sees 1dent1oal physica l 

properties . 

Later theoretical basis tor differences 1n 

chemical and pbys1oal properties was established. By 

mean or statistical eohan1os Urey end. Bittenburg (11) 

oalo.ulated the exchange of hydrogen. and deuterium 1n 

• 
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molecular hydrogen and the hydrogen halides. The 

equ111br1u constants were greater than unity 1nd1cat1ng 

that in certain reactions , isotopic fra.ctionat1on would 

occur. 1'b1s was also found to be the oa.se for .,xohange 

reactions involving the isotopes of lithium, boron , 

carbon, nitrogen and oxygen (12) . Crey and his co-workers 

( 13 .• 14) carried out experimental work to urove the 

validity of these calcula tions. Since the equilibrium 

oonstants for oerta1n reactions do differ from unity , 1t 

becomes ap a ent that isotopes differ 1n thermodynamic 

properties and consequently fraot.1ona.t1<;>n results 1n 

natur lly occurring equilibrium processes . 

Var1at1<ms Ul the abut1d nces or .isotopes have 

been and are being studied bf investigators with the 

hope that the results will help to eX:Pl 1n many· 

geological , b1olog1ca.l and ehem1o l phenomena . One 

of the first elements to oome und r this 1nve·st1g.at1on 

was oxygen. Emeleus ( 15.) observed that the density of 

water t ken from different plaoes was not constant and 

thought that this expl 1ned the larger and sm ller 

amount$ of deuterium present . It ·soon became apparent 

that this wae or y a p rtia l explanation nd t at the .. 
variation of the oxygen 1sotopes profou.n.dly effected the 

density . Following these results, Dole and his co- orkers 

(16-21), made a. comprehensive survey of these 1sotope.s !n 

air , water and minerals bt means of sensitive 4ens1ty 

• 
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methods . They detected up to four percent variation · 

1n th olB content of t4eae substances . 

W1th th dvent of preo1s1on ass spectrometry 

these early results were eonf1rmed. Thode n Smith 

(22) did an oxygen ·urvey and found a four percent 

spre d 1n v lues . Later Ba:e1"ts<:lh1 and Silverman (23- 2.5) 

using the ame teohn1qu, carried on thes . 1nv st1gat1one 

and found t t the ol6jol8 rat1ov ried. by as mueh s 

two percent and that the ol8 content wa grea ter for 

sed1 entary rook than for igneous ~ock . 

A great deal of work 'ba$ been done on the 

abundances of the carbon isotope in nature . . 1er and 

his co-work rs (26- 27) found variations up to .f1v 

eroent with 11m tones and inorganic materi l 

enr1ohed to ol) wh1le organic matter showed a depletion. 

Kars (28 ) and Tl'lo:fimov (29) doing s1mlla.r researoh 

confirmed their results . Wickman (J0- 31) 1nvest1g t1ng 

the c1);e12 r a t1o ill a lal"ge number of plant.s , found 

that the ratio re 1ned constant among Jl nts· grown 

in different environments . Recently , Harmon Ora1g (32) 

has published a comprehensive survey of oarbon isotopes 

in organic and 1norgan1c mat r1 1 . H1s r sults agree 

very well wi t h those of prevlou 1nve t1gator • 

Carb-:mate rooks were found to be enriched by about 

two percent in olJ while m rine ca rbon was enriched by 

one percent compared t o ten-e.strial organ1o o rbon. 

• 
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Ho ever , atmospher1o co2 was found to be rich r 1n ell 

than previous expericents had rev£> led. He eould f1nd 

no co relation between the c13;c12 ratio and the nge of 

fossil ood , coal and limestone. 

A numb r of other element hav been atud1ed. 

with regard to t e1r 1sotop1o abund noes . Thode et. l ., 

(.33) showed that the 1sotop1o oompoa1t1on of boron varied 

as much as 3. 5 percent while Macna I'a (J4) revealed 

that there existed a l . S percent spread tn the all;alo 

ratto in samples from different boron deposita of Calif

ornia . Gr-aham, Maenamar • aoFarlane and Crooker (,:3_5) , 

taking germanium from a variety of loca tions , round a 

0. 7 percent var.1at1on in the isotopic abundances . This 

as t he first experimental evtdeno"" tb t fra.ot1onat1on 

ooours in isotopes of the h.tgher mass s . Recently • 

. dwards ( 36) reported a 0. 5 percent d1ffereno~ tn the 

Cl-3.5jclJ7 ratio of 11te sampl s from two different 

salt deposits . Reyno.ld.s and Verhoogen ( 3'7) investigating 

silicon in rooks and miner l.s found the Si)O content 

deoreased from a high-temper ture min r a. l (olivine ) to 

a low- temperature peg at1te quartz, to vein .quartz. to 

g 1 er1te. 

Sul phqr 

In 1927 Astol'l ( 38) sho ed t:r..at sulp ur was 1n 

reality mixture of t least three isotopes of sses 32 , 

jJ and J4 and gave as the abundances 96:1:3. Later 

• 




1 r (39) found 1n natur lly oo ,urr1ng sulphur, Another 

isotope of mass 36 and gave tne abundances of the known 

isoto es good toto -ero nt, ~s, 

Atom1e ss •• . .. • 32 '3 34 )6 

Abundance percent . 95.1 0. ?4 4. 2 0. 016 

UnfortuMtely, th source of th sul nhur used is unknown 

other t n th. t it s. commercia l ul ohur dioxide . 

Next to t1~1um, manganes and phosphorous , 

sulphur is the most abundant of the trace elements in 

the upper ~arts of the lithos..)here . It 1s a universal 

consti t uent of plant in the form of 1norga.n1e sulphates , 

organic sulphides and proteins . It also occur 1n many 

terrestrial compounds such as gypsum and anhydrite ; 

metallic sulphides , native sulphur and hydrogen sulphide 

g s and in meteorites as iron sulphide . 

Since there is a large percentage mass difference 

between the isotopes 832 nd s34 , it , a to be expected 

th t the sul phur 1·sotopes !fou.ld. differ 1n their oh~m1e 1 

and phys1otiil properties . Consequently , through many 

processes that occur in nature , the sulphur 1 otopes 

would be fractiona ted and 1d.e v r1a t1ons ex1at in the 

bundances of its isotopes 1n terreatr1al substa:noea. 

Beoause of this , sulphur became ot great interest to 

investigators 1n the hope that research into its 

1sotop1o eompos1t1on would reveal some of the processes 

through wh1oh many natural substances have passed during 
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end sinoe their formation. With t hie end 1n view, such 

a study was undertaken 1n this labora tory tn 1947. 

'l'he results $0 f'ar obtained are SWlUl'Ulr1zed in 

li'1gure I. !t can be seen that the oonoentratton of s34 

varies by as muon as nine pe:roent de-pen41.ng en tbe souree 

of sulphur . In general, it has been found that the 

sulphates a re enriched in sJ4 while the sulphide an<t 

hydrogen sulphide gas are depleted 1n the 1$otope 

rela t .1ve to meteor1t1o sulphur. 

Macnamara and Thode (40) have :reported that 

meteoritic sulphur poasesse.s an exceedingly constant 

isotopic oo\llpos1.t1on. 1the s32js34 ratios of these 

samples lie m14WaJ between the ratios of terrestrial 

sulphur , s.uggesting ·hat the primordial s.ulphur is 

that now found in meteorites . After the earth's 

formation . this eler.ne.nt in the earth'' e crust has u er

gone fractionation through b1olog1oal prooeeaes wb1eb 

meteorites have escaped. Oo:naequently. the 1sotop1o 

oompos1t1on of meteo:r1t1o Gulph\lr ba.s been tak n as t he 

base level for oompa:r.tson. 

It 1s apparent from the gra:Ph tb.at sulphides of 

t.gneoua or1gtn a:re slightly more enriched 1n sJ4 than 

m teorlt1c sulphur . Or gan1e .sulphur has a range 0f 

sl 2; sJ4 values above and below the meteor1t1o , whtle 

:native sulphur of volcanic and organ1e or1g1n hae a 
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spread of 4. 0 percent , bout half the sampl es show:..ng 

an nr1ehment 1n s~4 and half de let1on oomp red to 

the base level . 

Sulpha tes 1n sedimentary rook, gypsum and 

anhydrite hav sJ2;s34 ratios which extend from the· 

eteor1t1o base level to a 4. 7 percent enr.i o.htnent 1n 

the heavy isotope . Sedimentary sulphides on the other 

htmd sho a similar spread but 1n the oppo 1te d1reot1on , 

1. e ., a depletion 1n t h beavy isotope. 

The SqlphUJ: O:y:gJ.~ 

It is v1dent from the.se isotope d1stribut1.on 

studies t hat t h sulphur isotopes ha.v been fracti onated 

through eolog1oal and ohe 1oal processes which ooour i n 

n.r>.ture , and 1n:volve the oxldat1on nd reduction of sulphur . 

It is expected. that fraot1ona.t1on t kes place by means 

of the follow i ng exchange reaot1on, 

where at equilibrium -·the he vy t•otope is favoured 1n the 

sulp te 1on b7 about 7. 5 percent at 25° c. This 1s the 

approximate spread f'ound between sulphides and. sulp tes 

in natural substances today wb1oh probably 1.nd1cates 

that equilibrium is graduall1 being established in 

nature . 

However,. the sulphate 1o:n will not ~ed.uoe 

unless provided with gre t deal or en rgy and under 

http:d1stribut1.on


nor 1 conditions sulphates will not exohange their 

sulphur w1 th hydrogen sulphide . It has been suggested 

that the biological sul phur cycle 1n the sea outlined 

below., provides the eohan1s by which this exchange 

process ean oeeur . Oerta1n parts Qf the sulphur cycle 

have been examined under controlled conditions in the 

laboratory . Thode , Kleerekoper and MoElcberan {41) 

found that the hydrogen sul phide produced bY the 

bacterial reduction or sulph'\te was depleted by one 

percent at .2.5° C 1n s34 oompared to the source sulphate. 

N 'l.'IV SULPUUB 

N iOBIC BACTERIA > 

OXXDITION AND AE 0BIC BACTERI 


• ORGANIC SULPHUR 

More recently , Wallouoh et al ., (42) , have found that the 

amount of fra~tioll:liitt1on 1.& i ncreased at lower t $mperatures 

• 
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(two percent at 10° C) . Also leely, Gast end AU:lp (1953), 

(43) • have oonf1r ed fraot1onat1.on factors of th1s order 

of magn1tude. 

As it ean be seen from the diagram, of the 

sulphur cyole , nat1ve sulphur 1 an 1snpor'Unt inter

mediate . Free sulphur found in the uc1 at the bottom of 

lak in A. rica , formed by t he 'baeter1e.l reduction of 

sulphate to hydrogen sulphid and by purple bacteria 

to free· sulphur , 18 depleted by a11 much as 3. 2 percent 

1n the hetn.Y isotope oo~pared to t l1e sulpb.at$ ( 44) . 

While t his amount is about balf what would be expected 

1f 1sotop1c equilibrium had been established, 

nonetheless , 1t 1s l arge and in the oorreot direction. 

Purther evidence that the sulphur cycle is one 

mechanism under wbieh the .sulphur !eotopes are fraction

ated 1n natural processes - has been obtained 1n this 

laboratory. Thode , Wanless and Wallouoh (4.!H oarr1ed. 

out sulphur and carbon isotope abundance studies on 

sulphur well cores and &dJaoent formations in the Texas 

and Lou.1e1ana salt domes . they obtained abundance 

da ta on sulphate , free sulphur and sulphide present in 

eleven different well cores from ten d1fferent sulphur 

ells . It was f ound that t he sulphur 1e deplet$d in 

S 4 ·ith respect to the sul p te by .3 . 9 percent on th$ 
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aver age and t he sulphide is further depleted by about one 

percent . The same study wa s ade on t he gypsum and 

anhydrit e l ayer adja cent to calc i t i c sulrhur bearing 

l imes t one but her e l i ttle evidence of fractiona tion 

wa s found. 

When sul pha t 1s reduced to hydrogen by ba ct eria l 

a c t ion , organ1o mat ter must be pr esent t o provide a source 

of f ree ener gy . Evidence of organic a tter i s f ound 1n 

t he well eores and 1t is felt t ha t t he calcite l ayer a s 

f or med f r o t his matter when t he reduction of sul phate 

to sulphide occurred. Recently, Harmon Ora1g (32) 

exami ned t he o13;cl2 ratio in plants , .ooal and petroleum 

and found t h se were depl et · i n the heavy laotope , 

compared to his s t andard. Consequ ntly , oa lo1te formed 

from organ1e matter woul4 be depleted 1n t his isotope . 

Thode , using the same tandard found t hat ca lo1t1o 

1 yer of t he sulphur wells wa s depleted in a13 by a s 

much as ) . ) percent to S.$ percent . Hence, 1t ppeare 

t h t t he sulphur present 1n tbe sulphur wells of 

Texa s and Louisiana. was formed bf baoter1al reduction 

of sulphate and 1n t he procees , organic matter was 

transformed to ca lcite. 

Other evidence of the sulphur cycle crea ting 

a spread ln the isotopic eompos1t1on of sul phur has 

been observed by Thode , :Fleming and Macnamara (46). 

It appears t h t the 1sotop1o abundances of sulph&des 

• 
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fo\Uld in sedimentary rock can be correlated with their 

geolog1oe.l age . It can be seen from J'1gu.re II that 

previous to about eight hundred million years ago, little. 
' 

or no spread 1n the sJ2;s'J4 ratios is apparent between 

sulphide of' sedimentary origin or meteorites . Brom 

that time on fractionation has taken pl ace at an even 

.increasing r ate until the plresent day when the spread 

in concentration of a34 between sea water sulp1U1te 

atld recently deposited sulpb1des. is about 7. 4 percent. 

'l'h1s would seem to 1nd1oate that 1aotop1e equ111br1wn 

bet.we·en sulphates and sulpb:1d:es 1s beinS establ1she4 

slowly through geological time by eans ot the aulpbUl" 

eycle. Since no traet1onation ooctU'red previous to 

eight hundred million years ago., 1t appears that 

l1ttle or no l1fe 1nv$1V1ng sulphur was prese:n,t . 

From that t1me such 11fe has 'beeome more and more 

abundant allowing the sulphur oycle to operate and 

fraot1onat1on of sulphur isotopes to take plaoe. 

While 1t is important to know the present 

values of the s:32;s'J4 ratios ,for sea water sulphatea 

from w'h1eh sedimentary • ulph1des were formed, 1t 18 

even more important to know 1f sulphat.es from the 

different oceans and different 4epthe h ve a un1torm 

sulphur oompos1t1on. :tf sulphates are uniform today 

then 1t 1s highly probable that they llave been uniform 

throughout geological h1story, even though the value 
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of the s32;s34 ratio may have been gr dually changing 

over the years . Co.neequently , samples of sea w ter 

have been obtained. from a variety of de.pths in the 

Atlantic , Pacific and Arctic Oce ns and the sulpha.tes 

analysed. 

Similarly meteoritic sulphur has been accepted 

to be primordial sulphur , the base from which all 

fractionation of terrestrial sulphur h s taken place. 

lt thus becomes essential to know w1th1n what limits 

the g:32;sJ4 r tio of sulphur in meteorites is constant. 

With this end in view, several ne meteorities and some 

prev1ousl7 analysed eamples were studied. fbe results 

of the analya1e of sea water sulphate and meteoritic 

sulphur are reported 1n this thes1s. 

:t'heorett.Y!l 

Isotope xohange Berwt\ons: By means of 

sta t1stical mecha:nios, equ1l1br1um constants for 

isotope exchange reaction& onn be calculated. Urey 

and O:rieff (47) first showed that the e constants for 

reactions involving the isotope of light element 

differed from un1ty. Beeentl7 Tudge and Thode (48} 

macle similar calculations forr sulphur and found, for 

reactions involving s:32 and s34 t hat the calou.lated 

equ111br.1um constants varied from l •. ooo to 1 . 096. 

Consequently , appreciable fractionation would be 

• 
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expected 1n such processes in nature and in the 

laboratory . 

'l'he ethod for oa.loula.t1ng equ1lbr1um constants 

by f1nd1ng the part1 t1on function ratios of 1sot.op1o 

molecules is as follows . In general , the exchange 

reaction 1s, 

bB (1)1 

where A and B are molecules which have one element 1I1 

common, subscripts 1 and 2 1nd1oa.te that the molecules 

contain only the light or heavy element . It 1s known 

th t for any reaction. the equilibrium constant K 1 

given by , 

(2)- RT ln K 

where P0 1s the st ndard free energy of the reaction 

under study . Thus for the typical exchange prooes , 

n T 1 K o o o o 
• f1 n = a A. t b Fa - a r A - b F ( J)

2 1 l B2 

The partition function Q 1s defined by the 

for ula , 
cQ 

Q = i_ • g e.. (.i./kT (4)1 
~·~o 

where g1 is the number of quantum states with nearly 

equal energ1 , f.;, the ·energ of the state, k Boltz!IIal'l.'b. ' s 

constant, and T the absolute temperature. 

· ow the free energy 1$ related to the 

partition function bJ the following equation , 

• 
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F = E0 .f. T ln N - '1' l:n Q. (S) 

where E 1s the zero point energy of the mol eoul and
0 

is Avogadro ' s number . Substituting (5) in (4) and 

simplifying K becomes , 

( 6) 

·Now instead o.f taking E s the 11 zero point
0 

energyu it can be taken as the bottom of the "potent1 1 

energy eurve• for the molecule . Since potential nergy 

curves are taken to be identica l for 1sotop1o molecules , 

E0 A equals E0 A , and E082 equals E081 • Thus , equation
2 	 1 

( 6) reduces 	 . ,_.,. 

e 	 (7)Kt:~ II r~y{sl} b 
Therefore , in order t6 calo~late the 

equ111brium constant for a spee1flc exchange reaction , 

1t is necessary only to determine the ratio of the 

partition functions of A and 8 . The r a tio . ~/Q1 for 

a d1atom1o chemical compound can be found rror.. the 

equation. 

--'te- ~ 	 )QZ/Q.l = .?:.g_61 	 M~/2 (1 - e (8)
Mjlz e- ...Yw e -1'.2 )11 62 1 	 (1 

where 12 and 11 are the moments of inertia Of the 

isotop1e molecule , 61 and 62 are the symmetr y numbers , 

• 
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2 and M are th ir oleou r we1gbt na ~ . nd ~1 
are relat to tbe fundamental v1bratlon 1 fr quenc1es by 

!'elations of t he k1nd ~- = IJ~I/Y-i /k'l! . 

Un1d1reotlonal ProOe§§es: Braot1onat1on of 

1 otopes will ooour in oh m1oa l reactions if the reaction 

rates of the 1 otop1o pee1 .s involved are differ nt . 

Eyring (49) has rived formul ae from which the r atio 

constants for reactions of 1 otop1o moleoules oan be 

calculated. M.ore recently , 81gele1een (50) has 

developed n exprsaion for the ratio of the r te 

eonst nt , which 1s more oc.~nvenient and gives a gt•ea ter 

insight 1nto tne s1gn1f1e"' nt factor • 

Consider reactions betwe n Al• B. C, • . • to 

give P1 and 2 t B, o, . . . to g1ve P2 where A1 snd A2 
are 1sotop1o moleoulee of elements other than hydrogen. 

The r atio constants 1s, 

where K 1s th . transm1s a1on coeff1o1e:nt, C is the 

concentrat ion of the aot1v ted oo lex , ttO is t he 

ef'feot1ve. ass of the eomplex along th coordinate 

of deoompos1t1on. The r a t1oG of the eon ent t1ons 

of the 1nd1v1dusl mol oules oan be repl aced by the 

corr spond1:ng part1t1on function r t1o.s , 'rhus , 

• 
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Ql• QA2!51 !1 - - tM2° ] 
1/2 

.k2 K2 Qz• QA
1 

Mlo 

B1ge1e1 en and a.yer C5l) using the above results , 

have obtained 

Mo
2 

M' tJ 
1 

where S 1 a symmetry number, G(.,.t'f) is a free energy function , 

)n-6 1 the number of vibrational modes i n the molecules , 

and~ as bef'or , is equal to [l.g W<~ By definition 
kT 

subscripts 1 and 2 r fer to t he light and heavy molecules , 

respectively . The superscript 0 ref rs to a property of 

the transition st te . 'l'he factor involving the 81 8 ha 

a sta.t1st1oel nature, if two· or more 1dent1oa.l atoms of 

the isoto e are contained 1n the molecule, there will 

be an increase 1n the probability of one of them 
0 0 1/2reacting. The factor M . g1VP.S the ratio of2 1 

the number of light and h.eavy •eot1vat d complexes• whiob 

decompose per unit time . The quamttty 1n the squ re 

braek t ,g1ves quantitative deseriptton of the effeot 

of the d1fferences 1~ the zero point energ1 s of the 

light and heavy molecules 1n the normal and transition 

st tes . 

Provided the m.eohanism and the neoess ry 

partition functions are known, the amount of isotopic 

fractionation for any process can be oaloulated. 
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So f r , agreemen.t between theory and experiment 'has 

been good. 





EXPERIME TAL 


fteteoriteg 

In most cases the meteorites studied in these 

eJCper1ments possessed showings of tro111te (Fe S) 

which wer removed from the meteorite and converted to 

sulphur dioxide for analysts 1n the ma.ss spectrometer. 

However , oerta1n fragments of eteor1tes were obtained 

wh1oh conta ined no v1·s1ble troll1te . Consequently , 

these fr .gments bad to b$ pulverized to a fine powder 

1n preparation for combustion. 

The apparatus used to burn the iron sulphide, 

1llu$trated in F1gul"e III , eona1sted of three parts , an 

oxygen purifying train, e. quartz. combustion tube and a 

collection lin • 

The oxygen, wh1oh oa e from the same souroe 

for all analyses , was pur1f1ed. by paas1ng through a 

dry ice and acetone bath. From there it bubbled through 

concentrated ulphur1o acid in trap B and then into c 
the liquid a ir trap. This process 1.s assumed to 

remove the moisture and hydrooa:rbont:~ present . 

Eaeb speo1mexr of.' tro111te was placed 1n a 

•lean nichrome boat nd the bo t inserted 1n the quartz 

oombust1on tube . The train a s then evaeu ted nd 

the collection line flamed to drive out moisture and 

residual sulphur d1ox1,de on th gl.ass w lls . The line 

- 20 
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was brought up to at ospher1c pressure with the purified 

oxygen and the tro1l1te heated. On oonolus1on of the 

reaction, the system as again evacuated, then the 

pumps shut off and the frozen sulphur dioxide allowed 

to vapourlse . The so2 was frozen down once more nd 

pumped. In this war non-oondensible gases formed 

during combustion and trapped in the frozen dioxide 

are removed. After this the so2 was oaught ln sample 

tube B and t he tu.be was removed from the line. 

As water absorbs sulphur dioxide , every attempt 

was made to remove it from the walls of the combustion 

train by !'laming and f .r om the souroe material . If t he 

troil1te was f ound to contain moisture, 1t was roasted 

a t .500° C for 1.5 minutes 1n an atmosphere of nitrogen. 

Previously . carbon dioxide i n the sulphur 

dioxide had been removed by freezing down the sulphur 

dioxide 1n a bath of dry ice and acetone and pump.ing 

off the gas that r-emained. Horever , a t t h1s 

temperature -85° C sulphur d..1ox1de has a vapour 

pressure of o. 5 centimet ers an d. t hu some always 

was lo t . This lo s resulted 1n a small but significant 

fraot1onatl on of the sulphur isotopes . S1noe most of 

t he tro111te sampl e wer reasonably tree of o ·rbon 

1mpur1t1es , the ca rbon dioxide content of ea ch sample 

was not laJ""ge enough to cause trouble 1n the m ss 

spectrometer , and no t t empt was made to remove 1t. 

• 
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Sea Wat r Sutppates 

The sea ater sulphates were prepared for 

analysis b7 Dr . Rudolph Walloueh. 

The sulphatea were precip itated from the water 

a s barium sulpha te . then reduced by digestion wit h a 

mixture of hydr1od1c , hydroohlor1o , and b.ypophosphorous 

acids . Hydrogen sulphide was evolved. bubbl d through 

distilled water to remove the hydrogen. chloride fumes 

and bubbled into a cadmium acetate solution. The 

heavy yellow cadmium sulphide was 1mmed1 tely converted 

tnto silver s.ulphide . By the s me method a s described 

earlier for tro1lite , the silver sulphide was 

converted to sul phur dioxide . 

M§S§. ,§J?sotrometrz: 

The mass spectrom t er w s essentially the one 

described by Wanless and Thode (52) . It 1e a conven

tional 90 instrument modified to permit 1multaneous 

oollect1on and measurement , by means of a null method , 

of ion currents due t o mas ses 64 and 66 . A gnet io 

valve s.rstem is used to f c111tate ·sw1tch1ng from the 

standard ga.s to the unimown. The collector a s semblJ 

1s constructed so that only the ion currents of mas ses 

64 and 66 strike the collector electrodes; all 

oontr1but1ons of other masse are elimi na ted. 

Since t he above mentioned ork , the source 

assembly bas been modif ied !.n order to incr ease i t s 

• 




eff1e1 ·:moy . :A repeller plate whieh s1ts above the 

1,onH:at1on chamber has been added (see Figure IV) . 

The wiring of the output o1rou1t from the high voltage 

supply has been changed a s 1n Figure V so that the 

voltage on this pl te oan be varied from 2. 2.5 volts 

above to one volt below the ooelernttng voltage . 

The res t of the assembly remains unchanged. The 

drawing- out potent1.al appl ied between pl tes 2 nd JA 

oan be varied from 1.500 to 900 volts . .Plate JB 1s used 

as a r-ocus control nd oan be changed by 25 volts above 

and below the accelerating voltage while the 1ons are 

accelerating pl tes 2 and 1. 

Formerl:y a d1reot- eurrent tnverse feedback 

amplifie~ was used to amplify t he i on beam due to 

mas s 64. Uo ev r , this type ot ampl1f1er was found to 

be troubl some beoaus of 1ts lack of stability . It 

has been replaced by a Vibrating Heed Electrometer 

( odel JO , pplied Physics Corpora tion), t he output 

of h1eh 1s fed. acro.ss 1650 ohms , the required 

external output oircu1t resistance . The external 

resistance is r.nade up of 650 ohm.s 1n series with a 

10 ,000 ohm put- and- take potentiomet er paralleled by 

1111 ohms . 

Sinoe the equat ions previously used to f1nd 

the sizes of the grid leaks, do not hold for t his type 
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of amplifier, a1 and a2 had to be found by trial and 

error . They were chosen suob. that when tbe two ion 

beams were balanced, t he moving contact on the 

potentlometer lf$ $ at the centre pos1t1on. a, was 

chosen so tha t the sens1t1v1t7 would be about six 

oent1meters d1spla.oement per one percent difference 

between standard and unknown gas . It turned out that 

t he desired oond1t1ons were aoh1eved with R1 =109 ohms, 

B2 • 1010 ohms, and 13 : 1010 ohms ('i1'1otoreen Hi- Megohm 

a,ea1stora) . 

The last change made in the mass spectrometer was 

the repl acing of t he Leeds and Northrup r ecorder by a 

B;rown l/2 eeoon.d reoQrder {Minneapolis Honeywell 

Instrument Co. ) . While t his requ:irE~d no ll13Jor changes 

1t wae neeease.ry to oo:nstruot a sim,ple ba ttery and 

potent1t>meter oirou1t to provide a constant input 

voltage to hold tbf!;! pen at the centre of the chart a e 

required for simultaneous ooll.eotton. The Leeds and. 

North::rup instrument posees.sed an internal test voltage 

o1rou1t that was used. for t his purpos&. 

Analy t1gal F~OO§dyl"f.H The output voltage 

created by the ion curr ent a t mass 64 was used. a s 

reference voltage and kept the same for both standa:rd 

and unknown gas sampl es ., This wa.s done by ad justing 

gas pressures for identical 64 peak heights on single 
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colleotion. With the stgndard sulphur dioxide flo 1ng 

into t he 1nst:rument and the instrument switched to 

simultaneous ooll&ct1on . tne put-and- take potentiometer 

w s moved to the position where t he r ecorder 1ndic ted 

that a ba lance between 1on currents 64 and 66 had been 

achieved . The sensitivity of the mass spectrometer 

was then determined by finding the a ount of displacement 

of the recorder pen from its central position in t erms 

of the percenta e difference betreen two settings of the 

put- and- take potentiometer . '!his calibration was done 

before nd aft0r eaoh run. 

Whert the unknown gas sample flowed into the 

instrument , the balance was destroyed. by t he change in 

intens1t1 of tbe 66 1on be • t he 64 beam being constant . 

This oha.nge created displacement of the recorder pen 

and the size of this was directly proportional to the 

varia tion in the 64/66 r t1o or t he unknown compared to 

t e tandand gas . Sinoe the standard has a known 64/66 

value, the 64/66 ratio of the unknown could be 

ca lculated by comparing 1ts displ acement to the dis 

placement crea ted when the put-and- take was moved to a 

n •w position 1n the ca libration. Por example, assume 

that the calibration had revealed a one centimeter 

shift for 0. 2 percent difference in 1sotpp1c abundance 

and the en moved s1x centimeters when t he unknown 

• 
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gas was admi tted t o the instrument . 'l'hen the percentage 

differeno.e between 64/66 rat1os of the · two gases 1s 

6/l x . 2 • 1. 2 percent and the increment ot difference 

is 20 . 236 x 1. 2/100 • . 24' where 2q ~ 236, 1s the 64/66 

rat io of t he standard. ~he increment la either added 

to or subtracted from 20 . 2)6 depending on whether th6 

pen shifted to the lett (a d.,pletlon of sJ4) or to the 

right (an enrichment 1n sJ4) of the central position. 

'l'h1s value then 1s the 6A~r/66 ratio of the gas under 

analysis . 

'l'he 1on beam at mass 64 1s made up of s32ol6ol6 

while mass 66 1s cotllposed of sJ2ol6ol8, sJ4ol6ol6, 

s)2ol7ol7 , s:3Jol6ol'7 . The l ast two eontr1'bute very 

little to this beam and can be neglected. Thus ,, 

1-- 2 'pl~ ~ · 8 ;4 
ol . s'2 

The value of o18;ol6 1n the oxygen used to burn t he 

samples was taken as 0. 00208 as p:revtously determined. 

Hence, 

--i3 ~o764 ·-*·o. ooil.b 

Onoe «the 64/66 r at io for the U»known gas was 

determined the value was subst1tuted 1n the above 

• 
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and the dea1red s'2;s34 r t1o obt 1ned. By this 

prooedure, relative 1soto 1o abundances were d ter ined. 

With. a p:ree1a1on of o.o2 Pfllt"Oent . 



B:ESUL'l'S A D.:OISC£SSION 


Resul~s - fte teor1tes 

Thode and Macnamara (40) reported 1n 1950 

the results of stud1e carr ed on ith t he ul~hur 

found 1n meteorites. They examined ten samples, 

e.1ght siderites (iron) , one e:rolite (s tony) and one 

s1darol1te ( tony-iron) and found th t the s32;s34 

r tios were remarkably oonstgnt . 

Beoaus of the 1norea.aed preo1s1on of the 

simultaneous oolleot1on m ss spectrometer over the 

conventional vari.Aty it was felt -that small variations 

in isotopic abund nee of the sulphur 1ght make 

themselves apparent if the above mentioned. samples were 

re... examined. Seven of the old meteorites and eleven 

new samples have been nalysed, hlle one from the old 

sroup 11'8eenbam1 Union Qounty, New Mex:1oo , bas been 

taken as standa · with 22 . 200 as the s32;s3~ ratio . 

In all, eighteen :met .or1tes , thirteen s iderites , one 

siderolite. and four aerolites have been studied. 

The new results are ta.bulated in '11able I, while 

Table II comparee tbe present with the old v~lues~ 

In order to make sure that no fractionation 

had. ooourred 1n the pr arat1on of the sult)hur 

dioxide from t he souroe material, n1n samples ot 

sul hur dioxide fro the tro111te of Bella Booa, 

Mex1oo, were prep red on different days . These 

-2·8
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result re listed 1n Table III. As 1t can be seen 

f r om Table IV, the mean devia tion or the results obtained 

by r unning the same sampl in the mass spectrometer ten 

times over a period or two months i s o.oo;. The mean 

deviation of the nine prepara t ions from the same 

tro111te is o.ool. This indicates that any number 

of sulphur dioxide sampl es ooul d be pr epared from the 

same materia l and each sample woul d give the sa e value 

for the s32; sJ4 ratio within ~he l1m1t of the instrument . 

Hence, the isotope ratio differen.oes betweezt standard and 

unknown gas ·were determined to w1th1n o . oa~ . the 

preo1s1on of the mass sp~Qtrometer. 

O.f eighteen meteorites examined, sixt een have 

be n found to have identical sulphur isotope abundances 

within 0 . 02 percent , the precision end accuracy of the 

pr.esent determination. Previously , Thode and Macnamara 

(40) bad analysed eleven samples and found the 

abundances to be the same w1th1n 0 . 1 percent . Row-r ver , 

two samples· are depleted 1n s34 rela tive to t he average 

of t he s1xt$sn by a significant mount . The·s t wo are· 

among four or five fragments wh1oh showed no visible 

tro1l1te and had to be pulverized t o a fine powder . 

Because of the low sulphur content of these two 

specimens of meteo~1tes, a l arge amount of the 

powders had to be used to get suff1e1ent sulphur 

• 
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d1ox1de for analysis . Per haps in the grinding of t he 

fragments , a chemic _l react ion t ook pl ace wh1oh c .used 

fr ct1on t1on of the sulphur isotopes or some 

impurity d.ded to the mater ial that woul d cause the 

dU'ferenoe . In any case , more of these meteor1tee 

must be obtained and studied before the results can 

be ta..ken a s conclusive. 

R.tsullf§- S§a w· ter 

The isotopic compos!t .1on of the sulphateo 

1n sea water was oompared to that of meteoritic 

sul phur f l'Olll •:aeenham , • Union County , New Mexico , 

whose s32;s34 r a tio was taken a s 22 . 200 . Samples 

of water from the P 01t 1o and Arct ic oceans were 

analysed previously and of these analyses , the results 

of four were published (53) . Because of the increased 

sens1t1v1ty of tht> simultaneous oolleot1o.n mass 

spectrometer , 1t was felt that the·se samples should 

be reanalJsed. Other samples were obta ined from 

the Atlantic and included 1n the survey . The results 

a re tabulated 1n Tables V and VI . 

The sea water sulphates , following the gen ral 

pattern of sulphates , were enriched in the he vier 

1s.otope. 'l•he rnax1mu111 spread 1n s34 content was o. 0)9 

percent , the most e-nrlohed sample was from l3°00 ' N, 

)8°S8 ' W Pao1f 1.o Ocean and the most depleted sample 

from Sanw1ch Inlet . 

• 
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Samples from Halifax Harbour Resolute Bay 

analysed previously, were thought to b especially 

enriched. While anot he r specimen could not be obtained 

from Halifax Barbour , s veral sampl s of Resolute B y 

wa ter were seeur d and the average of all mea surements 

taken for t he final result . The s32;s,34 ratio for 

e oh saoh sample showed only the fluctuations 1n value 

tha t could. be expected to result from small dally 

changes in the instrument . The av rage so rr1ved 

•t was 21. 8)9 , compared with the previously reported 

value of 21 . ?3 . From th1e 1t 1s rea onable to oon

olud.e t hat tbe value of the s32;s)4 ratio for Halifax 

.Harbour 1s also in ert~or, showi ng too great an 

enrichment in s34. 

Certain samples. prev.1ously reported as be ing 

depleted i n sJ4 {54) , i . e ., P o1f1o Ooe n )l0 49 •.S' 

12.5°.56' W a.t 2500 meters depth when reanalyaed were 

found to have a slightly grea ter enri chment i:n the 

heavt isotope than p.reviously re . lized. 'rhe old 

va.lue for the 1sotop1o composition vas 21 . 97 while 

'the new value is 21 . 832 . 

The d1ffer·enees between the old and new 

results ar& greater than 0 . 1 percent , . the precision 

of th.e previous measurements . lt 1s t hus reaso ble 

to· assume that a wrong standard was ueed as eo par1son 

1n the earlier work,., Another possible explanation 
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1e that .1n the oh m1c 1 recovery , all the sulph te 1n 

t he or1g1ne.l preparation was not obtained a:nd 

consequently the sulphur isotopes were fraot1o ~ ted 

during the r et1on. 

The samples taken from six different spots 

in the Atlantic t three different depths have an 

average ratio or 21 . 805 . s1m1ltlr group of samples 

for the rct1o and Pao1f1e g1v an aver·~ge s.32;s34 

rQt1o of 21 . 833. While the difference between t he 

two resul s 1s small, there seems to be a slight but 

s1gn1f1cant enrichment 1n s34 in the sulp . te fro.m 

the Atlant:tc . 

D~scuss12n ... E!t!!!Ot1tes 

From tgure I ., 1t 1s clear that meteorites 

have s32;s34 r a.ttos near the average for the samples 

of terrestrial sulphur so far studied. This would 

suggest that at the tie ot the eart h ' s formation, 

tbe 1sotop1o cornpos1 tion of the sul ,hur was that now 

found tor meteorites . Prom that time, and e peo1ally 

from about eight hundred million years ago . te.rx-estr1al 

sulphur has been fracti onated by geologica l and 

ehe teal rocesses . Th1s ha spread the s'2;s)4 
values above A.nd below tbe meteori tio b •1se l evel,. 

Since the meteorites do not show large Yartat1ons in 

isotopic abundances, 1t oan be concluded that t hey nave 
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undergone no such reaction • Th se results alsor (1 

consistent with the view now generally accepted that 

meteorites or1g1nated from within th solar ystem. 

Several other studies on the 1sotop1c content 

of various ele ents 1n meteo.r1tea al1U> lead to thie 

conolue1on. Brown and Ing~~am {55) oould f1nd no 

d1ftereooe within the llmlt of detection 1n tne 

eu6J;cu6S ratio between two samples of meteoritic 

and terrestrial oopner. S1m1larl:r. Valley and 

Anderson :( .$6) found. two tert-eetr1al and twelve 

meteor1t1o 1ron speoi~en 1d ntioal . i ne samples 

of igneous rook were examined by Silverman w1th 

regard to the oxygen isotope composition and it was 

di.soovered that they ere o. 65 to o . 8~ per-ottnt 

enr1ohed 1:n gl8 eompared to '8awa11 sea water . S1noe 

the e rooks were formed at high temperature, their 

oxygen isotope eonoentrat1ons are expeoted to be 

uniform and to represent the rtmordial ooDtposition. 

He then examined several meteor1tes using the same 

standard and found a 0. 6.5 percent enriChment in 

th heavy isotope.. These results, inalud1ng the new 

sulphur data, 1nd1oate that our planet and t11eteor1tes· 

are related 1n SO'm tnanner. 

D1gcuss1on - .sea Water _§ulEhates 

The sea water samples obtained from the 

eentral tlant1c represent water from that pa.rt of the 
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oeean which 1s close to the boundar y between Northern 

Central end Southern Central water; no Equatorial 

•ater Ula &s ex1ats 1n the Atllantic . The most northerly 

of these specimens would perhaps be wholly Northern 

Atlantic wa t er , while the southern ones would be a 

mixture of both. Through this region travelling from 

east to west , 1s the Northern Equatorial Current having 

a surfa ce temperature throughout th year of 20° - 25° c. 
At a depth of' four hundred meters the temperature drops 

to 8° - 11° C. The samples from the Pac1f1c Ocean were 

taken from the California Cu.rr nt , a 1de body of water 

travelling rather sluggishly to the southeast . The 

t~ perature .of the ~urfaoe watP-;r 1n this region 1a 

9° - 20°C in the ·ummer and S0 - 8° C a t a depth of 

400 meters. 

Variations in the isotopic oonst1tut1on of 

sulphur 1n the ocean water were noted tor various 

pos1t1ona from which the water was taken. If any 

process wsa occurring in the ocean involving sulphur 

isotopes , 1t might be expected t hat as the temperature 

decreased. , tbe oonoentrat1on of the h.eavy isotope 

would 1nore se 1n the sulphate. Sinoe , 1n the 

reg1ons where the sulphates were obtained, the 

temperature deore ses w1th depth , a temperature 

effeot m1gnt appe.a~ as a depth effect aw well. 
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However, th variations in the s32;s34 content of t hese 

peo1mens at the var1ou depths app ar to be r andom 

and small . In faet, th s sulphates possess as 

constant an isoto 1o cGmpo it1on s any group of 

sul phur samples yet examined with the exception of the 

rneteor1t1o sulphur. 

Recently, Kulp (,58) has studied thebehav1our 

of cl4 1n the organic material in the deeper parts of 

the ocean. He oa.loulates that these deposits are on 

· the average, approx1mntely two t bouaand years old, 

suggesting that the oceans become completely mixed 

every f1ve thoueand years • . 4fh1fl would mean tbat the 

sulphat es in the ocean w ter also become mixed and 

ven 1f some localized enrichment of the sulphate 

ooourred, the mixing would soon obliterate the effect . 

Brom th1.s point of view an explanation 1s obtained 

for t he remarkably constant s:32;s:34- :rat1os found foT 

sulphates of the· sea. 

As ment i oned earlier. previous to eight hundrE'd 

m1111on years a go , the b1olog1oal sulphur cycle 1n the 

·ea was prob bl7 not operating and the 1sotop1o 

oomposit~on ot terrestrial sulphur was propably very . 

close to that now found for meteoritic sulphur and 

igneous rooks . S1noe that time the oyele ha.s become 

aot1ve and the sulphur isotopes h~ve be n fraot.1onated 

at an ever 1norea 1ng r te .. Thus, the isotopic 
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abundances of the sulphates in the sea and the sulphides 

from them by ~ana of the oyole would gradually be 

changing w1th time. It would appear from the above 

resul t s that at any one tim the isotopic composition 

of the sulphetes is relatively constant over 11 the 

oceana and a t all depths . s the ~ulphides and 

s.ulphates are deposited from the set\ 1n the form ot 

sedimentary rook , the isotopic content should be 

rel tivel1 constant regardless of the position o 

th.e earth where the rook was laid down. Consequently , 

the governing factor in the sJ2;s34 ratio of sulphur 

in suoll rook 1e not position but t1me. 
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1:ABLE I 

ISOWQPIC DIS%'f!IftUT10N OF SULPHUR 

N m Type 

Bella Roca ex. i1der1te 

Bear Creek , Colo. Siderite 

Cambria , N. t . Siderite 

Jose Wright Mtn. Siderite 

Duobesne Siderite 

Duchesne Siderite 

W1oh1ta Co. Kans . Siderite 

fia terville iderite 
1. .( ./""v.f'" • "' 
Canyon Di ablo S1der1te 

Canyon Di ablo Siderite 

Canyon Diablo Siderite 

Canyon Diablo Siderite 

Cumpe.s 

Brenham Co. Kans . S1derol1te 

Indaroh Aerolite 

Husoton, Kan' • Aerolite 

Gladstone N_ Me·X. Aeroli t e 

Alamogordo, N. Mex . Aeroli te 

r Mean D~v1atlon 

IN MtlTEDRITES 

Present s32; s34 
. Ratio 

1- 1- ' 
22 . 230 . - 0. 09>3 

22 . 227 • 
22 . 230 

22 . 21.5 • ....... 


22 . 222 It 

22 . 222 " 
22 . 227 

22 . 227 • 
2' 1.' ...... ~:-. 

22 . 222 ll 

22.. 21~ II 

22. 220 

22 . 227 ' " 
22. 22?- • 
22 . 2:32 -- II 

22.21~ • 
22 . 222 

22;26:0 
=<.. 2 .7-\ .._ 

• 

\ 

- J?.



. '!'ABLE II 

COMPARISON OF PRESENT RESULTS WI TH THOSE OF 

PREVIOUS WORKERS 


Canyon DiaBlo 

Canyon Diablo 

Canyon Diablo 

Canyon Diablo 

Canyon Diablo 

Waterville 

Duchesne 

Duche sne 

El Loba Argentine 

Brenham Kanse. s 

Union co. N. Mex , 

+' Mean Deviation 

Prtaent 32 . 9¢d
s32L§J Ratio s /S Ratio 

I 
~ 1"i" -t' 

22.222 - 0 , 003 	 22 . 21 - O,rO.,p2 

t/22 . 220 •• 	 22.22 -to ., ,02... 
.,.

22 , 220 • 	 22,21 - •· () ~ 

22, 21 • 
22 , 227 ' • 	 22,21 • 
22. 227 • 	 22 , 20 • 
22 . 222 22.24 • 
22 , 222 22 , 2)" 	 • 

22 . 22 • 
22 . 2) •"/ 

tt22 , 20 

• 




TABLE III 


SAMPLES ~lADE FROM S MF. MATERI AL TO FIND 

REPRODUCIBILITY OF METHODS OF PHEPAB TION 


Tro111te from Bella Roca Mexico 


I)ate Prepared a32/s34 Ra tto 

April 1 22,.22? 

April l 22,. 2.32 

April 1 22. 2)2 

April 1 22 . 227 

April 28 22.227 

April 28 22.2:37 

July 31 22 . 232 

July 31 22 . 22.5 

August 1 22.2.32 

Average 22 . 230 + t- • 0.01 -t

+ Mean Devia tion 

-39o



COMPARISON OF RESULTS OBTAI ED WITH 

SIMULTAJ:! aQUS COl LECTI ON OVER. A_PERIOD OF TWO MOTHS 
. . = :: . . • .; 

Date-
Decem er .5 

December 5 22el98 

December 9 22.19.3 

December 9 22 .203 

December 30 22 .198 

December 31 22.202 

January 7 22.198 

January 13 22.202 

J anuary 1.5 22.198 

J anuary 16 22.198 

Average 22.200 '! 0.003 .,. 

~ Mean Devia tion 

-40
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TABLE v 

SULPHUR 

Position d D te Depth ·sJ2;s34 a t1o 
"g;t},.~Qt§~ ,£ .et~r§lj 

2.2°00 ' N 30°oo• w 
Feb. 14, 1952 

09°25' 20°l.S' W 
Feb . 28 , 1952 

1J0 oo• JB0 .ss•w 
reb. 4, 1952 

16°24. 5' ; 8°S3•.S' W 
· a rch )1 , 1952 

16°oo•N 46°oa•w 
April z. 19!12 

l l 0 .59' N S6°03'W 
pr1l 9, 19.52 

T ean Dev1a.t1on 

10 
68:; 

121:3 

l 
?00 

.15.5' 

23 
651 

1600 

21 
6)6

1432 

24 
975 

16, 8 

4) 
6"/0

16i.S 

1" ... 
21 . ?96 - o.oo:; 
21. 808 • ..21. 8.51 

21. 801 (I 

21 . ~77' tt / 

21. 06 II 

21. ?80 • 
21. 7?;. • 
21. 644 • 
21. 851 " ..21 . 791 ..21. 796 

..21. 639. 
21. ?96 • 
21. ?80 . • 
21. 820, • 
21. 812· " 
21 . 816~ • 



SULi HUB ISOTOP t!.i ,ii.BU iDAli•c:cs OH SFt• ~ TE StJLF ATES 
IN THE FAC1~'IC r l<lD ARCT.IC 

Po 1t1cn 


Resolute Bay , 
N. W,.T. 

Pac1f1o Naval 
Lab 12? 

Sanwich Inlet 

Halifax Barbour
H.s. 

~ Mean Deviat ion 

Depth 

,! Meter§) 


Sur face 

Surface 
2,500 

Surface 
2500 

180 

o32;s34 Ratio s32;s34aat1o 
Macnamara New Regults .,. .,. 

21. ?3 -
1" 

0 . 02 
T 

21. 838 - o.oo; 

II21. 84 21. 820 • 
21. 88 • 21. 801 • 
21.90 • 21. 842 • 
21. 89 • 21.830 • 

--;.. 

21. 80 • 21. 837 
- . • 

21. 8,56 • 
-::::-:.~~~ 

- 42
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SUMMARY 

M$teori tio ·sulphur and sea water sulpnates 

were studied with regard to t hetr .sulphur isotope 

bundanoes . Sulphur from eighteen meteorites a 

analysed, sixteen s :ples of wh1oh had the sa me 

s32;s34 .ratios within 0 . 02 percent the preoi ion and 

accuracy of the determinations . Sinoe the avera ge 

1sotop1e oompoe1t1on of terrestrial sulphur 1s 1'ery 

olose to that found for met or1tes, it would appear 

that the sulphur 1n meteorites 1s the primordial 

sulphur. Further evidence is thus advanced for the 

theory that the earth and meteorites a re related 

!n .some manner. 

The sea water sulpbat e were obtained .from 

various depths in the Atl antic, Pao1f1o and rct1o 

Ooean • The isotopic composition of the sulpha tes 

had an overall variation of 0. )9 peroent and were 

enriched in sJ4 rela tive to the meteoritic base 

level . Brom these results , 1t oan be concluded t hat 

the sulphates 1n the sea are uniform in their 

1sotop1c oomposit1on tod 1 1 and have probably been 

uniform throughout time , even t hougn s32;sJ4 ratio 

has been gradually ohangtng,., 

- 43
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